This study investigated the effects of the storage conditions, namely temperature and relative humidity on the quality of fresh mango fruit (Mangifera indica L. 'Nam Dokmai') before and after distribution from Thailand to Japan. Fruit samples were harvested from two commercial orchards in Phrao and Phitsanulok, Thailand, and stored immediately after harvest and after distribution for 4 6 d respectively at 15, 25 and 35°C. The contents of L-ascorbic acid (L-AsA), sugar components and total soluble solids (TSS), as well as hardness score and peel colour of fruit samples were measured as a fruit quality indicator. As a result, fruit samples from Pitsanulok attained a better storage condition sooner than Phrao samples because of shorter distance to the packing house in Bangkok. Despite of the similar hardness score, the total sugar contents and LAsA contents at harvest was significantly higher for Phrao than Phitsanulok. Total sugar contents and TSS in the afterharvest experiment indicated postharvest ripening for which the storage temperature of 25°C was found to be optimal. In the after-distribution experiment, fruit quality parameters showed temperature-dependent responses of mango fruit. Further study is needed for an improved export system considering actual storage temperature of fresh mango fruit.
INTRODUCTION
Mango has a high nutritional value and is one of the most popular tropical fruits in the world (Sivakumar et al., 2011) . Fresh mango fruit is also popular in Japan, marketed at a high price. Major mango production areas in Japan are located in Okinawa and Miyazaki in Kyushu. Total mango production in Japan was 3,664 tons in 2014 (MAFF, 2014) , while a double amount of mango fruits (totaled 7,354 tons) were imported in 2014 (Japan fresh produce import-export and safety association, 2017). Of the imported mangoes, Mexico ranked the first in both amount (38.7%) and price (31.2%), followed by Philippines (17.7% in amount (ranked 2nd); 16.0% in price (ranked 4th)), Thailand (16.7% in amount (ranked 3rd); 19.8% in price (ranked 2nd)) and Taiwan (10.3% in amount (ranked 4th); 17.7% in price (ranked 3rd)). The Tokyo Customs reported (2015) that mango fruits were imported through the Narita airport (33.2%), the Port of Yokohama (23.8%), the Port of Tokyo (17.9%), and the Haneda Airport (16.7%), which exceeds 90% of total import in Japan. This report indicates that more than 40% of mango fruits were transported by ship in which postharvest quality loss is highly expected due to a long transportation time. However, little study has been conducted to assess the postharvest quality loss or ripening process of fresh mango fruits during a long distance distribution (Kienzle et al., 2011; Yasunaga et al., 2012; 2013a; 2013b) .
In our previous research, we have investigated the quality changes of fresh mango fruit before and after distribution (Yasunaga et al., 2013a) , in which fruit quality at harvest were different between orchards in Thailand and Japan, mainly because of the distances to the final destination. While postharvest quality changes were reported, the results were limited to the two points in time, namely at harvest and after distribution. Because postharvest ripening is controlled by storage temperature, it is necessary to investigate the effects of temperature on the quality changes of fresh mango fruits exported for a long distance market.
The objective of this study is to investigate the effects of storage conditions on the postharvest quality changes of fresh mango fruit exported from Thailand to Japan. In addition to the monitoring of distribution conditions, two laboratory experiments under three different temperature conditions (i.e., 15, 25 and 35°C) were conducted at before and after distribution to better understand postharvest ripening processes during long-distance transportation. Results are compared with respect to postharvest quality changes under different distribution conditions for a better quality control system of fresh mango fruit for export.
MATERIALS AND METHODS

Fruit sample collection
Fresh fruit samples of a mango cultivar, namely 'Nam Dokmai', were collected from an intensively managed orchard in Phitsanulok (16 N, 100°E) and Phrao (19 N, 99°E), Thailand. These orchards were selected because they produce high quality mangoes for export to major markets in Japan. Fruit samples were harvested at the same time as the commercial harvest for export in each orchard. Because of the long distance to the final destination, the Nam Dokmai samples were harvested at the premature stage while they are greenish-yellow. In this study, only undamaged disease-free fruit samples were used.
Distribution environment and fresh fruit quality Key distribution conditions affecting fresh fruit quality, namely temperature, relative humidity, and rate of acceleration were recorded from each of the two orchards to the destination in Japan using an acceleration meter (G-MEN DR10 , SRIC Co., Nagano, Japan). The measurement interval was set to 0.01 s from the mango field in Thailand until the arrival in Japan, and the maximum acceleration in each unit time was recorded as a representative value with 1 min as unit time.
A series of experiments using three temperature treatments of 15, 25 and 35°C was conducted before and after distribution in order to monitor the postharvest fruit quality changes of fresh mango fruit under different storage conditions. The distribution condition from an orchard to the destination was the same across the three temperature treatments. In this experiment, fresh fruit quality under each of the three temperature treatments was monitored for two initial measurements (i.e. each of after harvest and after distribution) and four or six measurements at a 1 d interval before distribution as well as three times at a 2 d interval for Phitsanulok mangoes, or four times at a 1 or 2 d interval for Phrao mangoes after distribution. Five fruit samples each for the three temperature treatments at respective timing were used for fruit quality measurement according to the method described by Yasunaga et al. (2009) . As in Fukuda et al. (2014) , five quality parameters, namely peel colour based on the CIE L*a*b* tri-stimulus colour space including metric Chroma (C*), metric hue-angle (h), and L*|b*/a*| value, hardness score (N), L-ascorbic acid (LAsA) content (mg 100 g fresh weight (FW) 1 ), total soluble solids (TSS) content of mango (°Brix) and sugar content (mg 100 g FW 1 ), were used for analyses. The distribution conditions as well as postharvest fruit quality changes were compared between the two orchards, and among different storage temperature conditions. Correlations among fruit quality parameters were analyzed to understand the effects of storage conditions on fresh fruit quality. We specifically compared the differences in fruit quality changes between the two periods, namely after harvest and after distribution. Figure 1 shows fresh mango fruits after distribution, of which damaged fruit sample is shown on the right-hand side: (a) bruising and (b) chilling injury. In this study, the number of days it took 21 d from Phrao and 19 d from Phitsanulok, respectively to reach the laboratory in Japan. Before conducting the experiments, we visually checked all fruits of which quality degradation was found to be 31% and 22% in the fruits from Phrao and Phitsanulok, respectively. The main cause of quality deterioration was bruising in Phrao fruits, whereas chilling injury was the main cause in Phitsanulok fruits. Commonly, harvested mango fruits are checked and sorted based on appearance and size, and carried to a collecting point located close to the orchard by a producer. Exporters pick them up at the collecting Environ. Control Biol. point and transport them to a packing house close to Bangkok by truck, in which storage temperature is not controlled. In the packing house, hot water treatment and vapor heat treatment are applied to mango before shipping for export. It takes about two weeks to distribute from Bangkok to Japan by ship. After arriving in Japan, the fruit undergoes phytosanitary and tariff procedures, and is delivered to retail stores throughout Japan by truck. In total, it takes about 3 weeks from an orchard in Thailand to a store in Japan. Mango fruit is transported through such a long distribution chain. The loss at the time of arrival was about 20% to 30%, which suggested the necessity for the improvement of the distribution environment.
RESULTS AND DISCUSSION
Deterioration of fruits upon arrival
Monitoring distribution environment Figure 2 shows the actual distribution environment such as temperature and relative humidity and rate of acceleration of mango fruits from Phitsanulok, Thailand to Fukuoka, Japan. Temperature during distribution was not controlled (around 30°C) until 4 d when a preparatory work for export was carried out. It was confirmed that the storage temperature was kept at around 13°C from the start of shipping. On the other hand, the humidity showed a large fluctuation from 44% to 87% before shipping, while it was maintained at 90% or more during shipment. In addition, compared to truck transportation in Thailand between 0th and 2 d, the change in temperature and humidity during domestic truck transportation in Japan between 18 and 19 d was shown to be small. Mango fruit has high lowtemperature sensitivity as a fruit of tropical origin. Therefore, when stored at a lower temperature than 13°C, chilling injury occurs (Medlicott et al., 1990) . During shipping, storage temperature was maintained within an optimum storage temperature range. Considering the critical temperature at which a chilling injury occurs is between 10 and 12°C (Medlicott et al., 1990) , when the inside of the container fluctuates to the lower temperature even at 1°C, there is a risk of chilling injury on the mango fruits.
Regarding acceleration, it was shown that the vibration during handling of land transportation and transshipment by truck was much greater than ship transportation (Fig. 2b) . Fluctuation of environmental conditions during transportation was larger in trucking than shipping. The maximum acceleration, however, was observed during the domestic transportation in Japan. The result may reflect the transportation infrastructures such as road in each country. Figure 3 shows the frequency distribution of the rate of acceleration. 91.6% of the acceleration during the distribution period was a value of 1.4 G or less. Considering the gravitational acceleration to be 1 G, the rate of acceleration during transportation is 0.4 G or less. According to Lu et al. (2008) , if the road is maintained in Japan, the vibration generated by a car is 5 G or less. In addition, according to the report of Nakamura (2000) , the vibration generated by shipping is less than 0.2 G. Thus, vibration of 5 G or more was thought to be caused by cargo handling. It is said that food loss caused by contusion bruises during transportation is close to 20%. Therefore, an improved packaging design to reduce vibration needs to be considered again for reducing quality loss during a long-distance transportation.
Vol. 56, No. 2 (2018) Figure 4 shows time course of hardness score (Fig.  4a) , total soluble solids (Fig. 4b) , and L-AsA contents (Fig.  4c ) of mango fruit after harvest at Phrao and Phitsanulok, stored at 15, 25, and 35°C. Although the hardness scores at harvest were almost the same between the two orchards, the fruit from Phitsanulok, whose distribution time to Japan was only 2 d shorter, remained harder compared to those from Phrao (Fig. 4a) . While storage experiments were conducted immediately after harvest and after distribution at 15, 25 and 35°C, the softening rate of the fruits immediately after harvest was significantly faster than the fruits after distribution. Of the fruits after harvest, fruits from Phitsanulok stored at 25°C exhibited the fastest softening rate, which may imply an optimal ripening condition for fresh mango fruit. Previous studies investigated the softening process with ripening. Fruit polysaccharides, upon their degradation, play a crucial role in textual softening during ripening (Prasanna et al., 2007) . The major classes of cell wall polysaccharides that undergo modifications during ripening are pectins, cellulose, and hemicellulose. Starch is another major polysaccharide present in mango, aid its enzymatic hydrolysis results pronounced loosening of cell structure with development of sweetness, due to sugar accumulation (Singh et al., 2013) .
Quality change of fresh mango fruits
Total soluble solids (TSS) of after-harvest fruits from Pitsanulok indicated a clear postharvest ripening process and that storage temperature at 25°C is the optimal condition for postharvest ripening (Fig. 4b) . The TSS of the Phitsanulok fruit after distribution increased about 1.8 times compared to the fruits after harvest, but it gradually decreased with time and depending on the storage temperature. Subedi et al. (2007) reported similar results on the ripening process such that the fruit hardness decreases while the TSS of fruit increases.
The L-AsA contents at harvest for fruit produced in Phrao was significantly higher than the fruit produced in Phitsanulok (Fig. 4c) . Among the Phitsanulok fruits, there was no significant difference in L-AsA contents before and after distribution, whereas it decreased to the half after distribution in case of Phrao fruits. According to Baloch and Bibi's study (2012) , the ascorbic acid content decreases with storage temperature and stage of maturity, but in this study, such a trend was not observed in fruits after distribution that should be close to ripe. Figure 5 shows time course of sugar contents of fresh mango fruit after harvest in Phrao and Phitsanulok (Phit), stored at 15, 25, and 35°C. The total sugar content is composed of sucrose, fructose and glucose. Whereas the fruit hardness did not differ between the two production regions, the total sugar content was about 3 times higher in Phrao (Fig. 5a ). The composition of sucrose, fructose and glucose were 50%, 35% and 15%, respectively, for fruits after harvest in both production regions. Of the immature fruits immediately after harvest, total sugar content of fruits stored at 25°C increased significantly. The composition of sucrose, fructose and glucose of fruit after distribution were 88%, 11%, and 1%, respectively in Phrao, and 80%, 16%, and 4%, respectively in Phitsanulok, which showed remarkable increase of sucrose (Fig. 5b) . Starch is almost completely hydrolysed to simple sugars during ripening (Singh et al., 2013) . Likewise, it was considered that the Environ. Control Biol. starch was decomposed by ripening and the sucrose content increased in fruits during distribution. For better quality assessment, not only sugar contents but also sugar/acid ratio should be considered as an indicator for tasting quality. Figure 6 shows time course of peel color changes of mango fruit after harvest at Phitsanulok, stored at 15, 25, and 35°C, namely Chroma (Fig. 6a) , metric hue-angle (Fig.  6b) , and L*|b*/a*| (Fig. 6c) . Every indices changed with time and storage temperature, of which a significant change was observed after distribution in all indices. While trends among temperature treatments were not apparent, Chroma seems to represent the influence of the temperature most remarkably. Specifically, the color change was most noticeable at 25°C with the ripening.
Peel color
Relationship between peel color and physiological characteristics Figure 7 shows the scatter plot between peel color and fruit quality parameters of fresh mango fruits in Phitsanulok, stored at 15, 25, and 35°C after harvest (PH) and after distribution (AD). It is seen from Fig. 7 that fruit quality improved after distribution as mentioned earlier. A good correlation was found between each pair of peel color and fruit quality parameters, suggesting the applicability of peel color as a tool for non-destructive fruit quality assessment. Multivariate analyses using machine learning can improve predictive accuracy for such an application (see Fukuda et al. (2014) for an example).
CONCLUSIONS
This study investigated the effects of storage conditions on the postharvest quality changes of fresh mango fruit exported from Thailand to Japan. In addition to the monitoring of distribution conditions, two laboratory experiments under three different temperature conditions (i.e., 15, 25 and 35°C) were conducted after harvest and after distribution to better understand postharvest ripening processes during long-distance transportation. As a result, we found that mango fruits were stored at an optimal condition during shipping, and the vibration during transportation by truck was larger than by ship. There was a significant decrease of hardness score and L-ascorbic acid contents with storage period and storage temperature. Total sugar contents and total soluble solids increased significantly with shipping period. Peel color can be used as an indica for non-destructive quality assessment of fresh mango fruit. A deeper understanding of ecophysiological processes along postharvest ripening is needed for an improved distribution system for a long supply chain. 
